ABSTRACT AMP deaminase (adenylate deaminase; AMP aminohydrolase, EC 3.5.4.6), a large flat tetrameric enzyme found in skeletal muscle, binds strongly and specifically to the subfragment-2 region ofrabbit skeletal muscle myosin. This allows its use as a structural probe in myosin and myosin rod aggregation studies. When mixed with a preparation of isolated native thick filaments, AMP deaminase decorates the entire filament backbone except for the central bare zone. Binding is particularly ordered in the banded region, where 11 stripes ofabout 43-nm spacing on either side of the bare zone have been observed in studies of isolated A-bands. No systematic absence of deaminase is seen here, indicating that the presence ofthe C-protein and H-protein bands does not make the binding site inaccessible to the tetramer. Optical diffraction patterns of the decorated, filaments show the expected 42.9-nm periodicities and a reflection indexing at 28.6 nm. Because of the bulkiness of the tetramer relative to the number of available binding sites at each 14.3-nm interval along the filament shaft, the helix net is being sampled at a lower frequency than is the underlying myosin organization. As a result, reflections on layer lines other than orders of42.9 nm are also observed (e.g.,
The nature of skeletal muscle thick filament structure is a complicated and as yet unresolved question. Low angle x-ray diffraction ofwhole muscle (1) indicated a simple basic organization for the myosin molecules in the filament: a subunit spacing along the backbone of 14.3 nm and an apparent axial repeat of 42.9 nm. The very simplicity of these observations has left the detailed structure essentially unresolved in the subsequent 15 years because an entire family of related helical structures will show the same diffraction pattern (2) . The original model proposed by Huxley and Brown consisted of two helices, each six subunits in one turn and the two related by two-fold rotational symmetry. It was extended into a discussion of possible superlattice organization within the muscle sarcomere, relating the two-fold symmetry of the thick filament to the hexagonal symmetry of sarcomeres in cross section.
Subsequent attempts to resolve filament symmetry involved determination ofthe number ofmyosin molecules per thick filament. If the number of filaments per preparation, concentration of myosin, and filament length were known, the number of myosin molecules per subunit level, and thus the axial symmetry, could be determined. The first of such analyses, by Tregear and Squire (3) and by Potter (4) , suggested a three-fold symmetry for the thick filament. A primitive helix of nine subunits in one turn (9/1), with three of these helices arranged around the filament shaft, also would give the type ofdiffraction pattern observed by Huxley and Brown (2, 5) . Other analyses (e.g., refs. 6 and 7) indicated four myosin molecules per subunit level, necessitating the construction ofeither a four-fold or double two-fold model to generate the Huxley-Brown pattern (8) (9) (10) . Analysis of the mass of isolated filaments by electron scattering (11) suggests a three-fold arrangement for the myosin. The triangular profile of thick filaments in cross section has been used as supporting evidence for both three-fold (12, 13) and two-fold models (14) (15) (16) (17) . The elegant symmetric relationships possible in a sarcomere superlattice constructed around three-fold thick filaments has generated popularity for this model (18, 19) .
The nature of thick filament structure is further complicated by other structural and biochemical studies. Investigations of isolated A-bands showed 10 or 11 stripes on either side of the bare zone with a 43-nm period (20, 21) , and Starr and Offer (22) demonstrated that the thick filament contained proteins other than myosin. Using antibodies to some of these proteins, Pepe and Drucker (23) and Craig and Offer (24) demonstrated in longitudinal sections through sarcomeres that the outer seven stripes were due to the presence of C-protein binding and that the ninth stripe in was due to H-protein binding. Antibodies to subfragment-1, used in a similar study (25) , revealed the absence ofmyosin molecules in a single stripe near the end of the thick filaments on either side of the A-band. Analysis of thick cross-sections through the A-band, oriented perpendicular to the electron beam in high-voltage electron microscopy, indicated the presence of 12 highly ordered protofilaments parallel to the filament shaft in both chicken breast and fish muscle (14) (15) (16) (17) ; the fact that this ultrastructure can easily be resolved in thick sections demonstrates both the preservation of this organization over a significant portion of the backbone and the nonequivalent positioning of myosin molecules within the backbone.
Although studies of structures reconstituted in vitro have often served to illuminate in vivo structures, most notably with actin, filaments of myosin formed in vitro have not aided in native thick filament structure determination. Although these reconstituted filaments show the same periodicities as the na--tive filaments do (26, 27) , they differ significantly in diameter, length, location of C-protein when it is added back before filamentogensis (28) , and number of myosin molecules per subunit level (29) . In the latter study, the use of AMP deaminase as a specific probe resulted in a unique solution ofthe structure.
AMP deaminase (adenylate deaminase; AMP aminohydrolase, EC 3.5.4.6) is a tetrameric enzyme of approximately 300,000 daltons found in especially high concentrations in skeletal muscle. It has been shown to bind specifically to the subfragment-2 region of the myosin molecule (30) and to dec- 6205 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. orate the ends of the A-band in perfused preparations (31 Optical diffraction was performed on contact transparencies of the original micrograph negatives, using Kodak electron microscope film (4489) to preserve resolution. The transparencies were placed between two pieces ofoptically flat glass with Zeiss immersion oil to reduce noise and examined in a vertical laser diffractometer of the type described by O'Brien et at (34) . Diffraction patterns were collected without magnification on Ilford Pan-F film and, after development, analyzed with a Mitutoyo optical comparator with x-y digital readout. The comparator has a resolution of 0.001 mm and is accurate to about 0.1% in the center of the screen.
At high electron-microscope magnification, where filament diameter is several millimeters on the contact print, the resultant optical diffraction pattern is seriously compressed, and spacings of the layer lines are almost indistinguishable. Lower magnifications, which spread out the diffraction patterns, also spread out individual reflections because of the narrowness of the mask. In trading off the two opposing trends, a magnification of about x60,000 was found to be optimum.
RESULTS AND DISCUSSION
Native filaments prepared by the technique described above appear essentially intact in the electron microscope ( Fig. la-c (1, 35) .
When decorated with AMP deaminase, native filaments at the same magnification appear much thicker on either side of the bare zone (Fig. Id) ; the bare zone is itself accentuated because no AMP deaminase is bound there. There is some indication that AMP deaminase density decreases along the shaft outside the banded region; but, within the banded region, the decorated filament shows a uniform diameter and uniform density. Examination ofthis region at higher magnification (Fig. le) because it both binds to the filament shaft with the underlying myosin periodicity and immobilizes myosin heads. Whether it also will reveal information serving to define a unique model or to eliminate one or more models will depend on the way it is arranged on the filament shaft. Fig. 3 shows an optical diffraction pattern obtained from a decorated native filament in the banded region adjacent to the bare zone. The 14.3-nm meridional reflection is typically stronger in intensity than is the equivalent in undecorated filaments, whereas the reflections indexing at 42.9 nm are weaker. Also present are reflections indexing at spacings of 57. 2, 28.6, 21.5, and 19. 1 nm-the 3rd, 6th, 8th, and 9th orders of a 12/1 primitive helix-and weaker reflections, such as those at 42.9 and 24.5 nm, which also index on a 12/1 axial repeat. A set of reflections indexing at 85.8 nm can usually be seen as well, but its proximity to the mask function makes its reliability uncertain.
Any model of native thick filament structure must be evaluated in terms of the above observations on undecorated and decorated filaments. Fig. 4 shows representations of the helix nets for each of three symmetric thick filament models consistent with estimates of myosin content per subunit level and a "distorted" four-fold model recently suggested by Smith and Dreizen (36) (Fig. 4a) , there is ample room available for an AMP deaminase tetramer to bind to each myosin cluster. By assuming complete occupancy, the expected diffraction pattern of this structure would Smith and Dreizen (36) . This representation will generate all of the reflections observed, most importantly the 57.2-nm reflection. However, although it agrees most closely with the observed data, it is possible that systematic distortions of certain of the other helix nets could yield similar agreement. A similar analysis can be made for the symmetric three-fold model (Fig. 4b) . With complete occupancy ofall available sites, which is sterically possible with the 12-nm AMP deaminase square, the resultant diffraction pattern would be identical in the location of reflections to that of the undecorated filament (orders ofa42.9-nm axial repeat), and no new information would be obtained. When not all sites are occupied, weaker reflections indexing with a 9/1 period should be visible, the strength of these reflections dependent on the number ofAMP deaminase tetramers bound. In either event, this model also is not consistent with the observed diffraction patterns.
It is possible, if unlikely, that an AMP deaminase molecule could bind at every available site on the symmetric four-fold structure (Fig. 4c) ; if such complete occupancy could be achieved, the argument would be similar to that for the symmetric three-fold and double two-fold models in that no extra information could be obtained from the optical diffraction patterns. It is more likely, however, that two AMP deaminase tetramers could easily bind at each crossbridge level when separated by a 1800 rotation. Binding at each level would be independent of AMP deaminase orientation of adjacent levels, creating an essentially disordered array of tetramers on the filament shaft. However, because AMP deaminase location is related to the underlying subfragment-2 organization, the diffraction patte-rn of such a structure should show weak orders indexing primarily on a 6/1 primitive helix. It is possible that some very weak indication of a 12/1 period may be observed, depending on the density of AMP deaminase decoration, but it is unlikely that any odd orders of a 12/1 symmetry would be strongly and reproducibly seen. In addition, this model would not generate a 57.2-or 28.6-nm reflection in the absence of AMP deaminase decoration. Thus, the symmetric four-fold model is a possible, but improbable, solution.
Distortion of any of these symmetric structures around the circumference of the filament shaft will alter the expected optical diffraction pattern. Fig. 3d shows an example of such a model generated by Smith and Dreizen (36) . Rather than a symmetric 90°rotational relationship between the four helices of Fig. 3c , the helices are paired on either side of the backbone with a 600 rotational separation. This model, which also can be generated (with greater difficulty) from the double two-fold structure of Fig. 3a, 36; Fig. 3d ), satisfies these conditions. As reviewed earlier, a model with four myosin molecules per 14.3-nm subunit level is in agreement with several biochemical studies seeking to determine this number (6, 7) . Another advantage of the asymmetric four-fold model is its implicit six-fold symmetry. Pepe and co-workers (14-16) have shown in both fish and chicken breast muscle cross sections that the thick filament shaft consists of 12 well-preserved protofilaments. Although it is not possible to generate a four-fold model by using Pepe's assignments of the protofilaments, a modification of these assignments will both generate the model and result in the triplet fraying observed by Maw and Rowe (37), Trinick (38) , and Pepe (17) . Thus, in this way and also because ofits 600 rotational symmetry around the filament shaft, it is consistent also with the M-band model of Squire and coworkers (12-13), which shows both three-fold and six-fold symmetries. Finally, the 600 spacing between pairs of myosin molecules at each filament level in the model is in agreement with the sort of myosin-myosin interactions found in synthetic myosin filaments (27, 29) , in that the asymmetric four-fold model is the symmetric six-fold model of the synthetic filament with symmetrically related myosin molecules absent.
The asymmetric four-fold model suffers from the same defects as most of the other models in that it cannot explain the placement ofthe proteins in the banded region (e.g., C-protein bands), nor can it predict the absence of a myosin crossbridge level near the ends ofthe A-band. However, release ofthe constraint of equivalently positioned subunits, combined with further structural and biochemical studies, will, it is hoped, lead to a more complete understanding of this important structure. 
